Comparative genomics data is ideal for identifying genes affected by natural selection. By comparing the genomes of different organisms, genomic elements or positions with reduced substitution rates due to negative selection, or increased substitution rates due to positive selection, can be identified. While negative selection is pervasive in functional genetic elements, there has been particular interest in identifying positive selection because it provides evidence for adaptive changes in function. Recently, several genomic scans have been published identifying positively selected genes by comparing genomic sequences from human, chimpanzees, and mouse (Clark et al. 2003; Nielsen et al. 2005) , and different species of Drosophila (Richards et al. 2005) .
The statistics used to identify positive selection in these studies is the nonsynonymous to synonymous substitution rate ratio, (d N /d S ). An excess of nonsynonymous substitutions (d N ) over synonymous substitutions (d S ) is an unambiguous indicator of positive natural selection at the molecular level (Hughes and Nei 1988; Yang and Bielawski 2000) . However, because most positions in functional genes are conserved, the average value of tends to be >1, even in genes that have experienced large amounts of positive selection. To account for this fact, methods that allow variation in among sites have been developed (Nielsen and Yang 1998) . These methods can identify positive selection when only a small fraction of sites in the gene have been affected. In addition, they have been shown to be highly robust in simulation studies and to have considerable statistical power even when relatively few sequences are included in the study (Wong et al. 2004) .
Genome-wide studies have identified a number of categories enriched with genes targeted by positive selection, in particular immune and defense-related genes, which are involved in dynamic host-pathogen interactions.
The objective of this study is to further characterize the effect of positive selection on the Escherichia coli genome. Recently, Chen et al. (2006) studied positive selection that is specific to uropathogenic E. coli strains. We are particularly interested in examining the degree to which positive selection can be attributed entirely to the effect of host-pathogen interactions, or whether there are other important forces leading to positive selection in E. coli. We use d N /d S -based methods to scan the genomes of E. coli (four strains) and Shigella flexneri (two strains) for evidence of positive selection. The genetic similarity between E. coli and S. flexneri is sufficient to allow inclusion in the same species, but for historical reasons this has not been the case (Rolland et al. 1998; Wei et al. 2003) . The comparison of all six genomes provides an excellent basis for studying evolution in E. coli, because the level of divergence between the strains is high enough to detect the signature of selection, yet low enough that severe problems with alignment and saturation by multiple substitutions are avoided. The statistical methods used in this study will detect positive selection when it has led to multiple nonsynonymous substitutions at the same codon site in one or more strains. The natural habitat of E. coli is the intestinal tract of warm-blooded animals, where it forms part of the normal flora. However, certain strains are also (opportunistic) pathogens of warm-blooded animals. We included strains belonging to a variety of ecological niches to optimize detection of genomic variation. The K12 is a laboratory strain, and to our knowledge this strain has not been implicated in human disease, even though most (or all) strains are pathogenic in one form or another, and all will have some interactions with the host immune system. The other strains, the UPEC strain E. coli CFT073, the two EHEC strains E. coli Sakai and EDL933, and the S. flexneri strains 2457T and 301, are pathogenic to man. Genes involved in interactions with the host immune and defense system may therefore be expected to show evidence for positive selection, due to selection to avoid immune recognition or selection promoting the ability to invade and colonize host cells. Other genes involved in direct dynamic interactions with the environment, such as attacks from other microorgan-isms or to otherwise adapt to a changing environment, are also obvious candidates for positive selection. This universal selection can be expected to have occurred in pathogenic as well as commensal strains.
Results and Discussion
A total of 3757 genes from E. coli K12 were found to have an ortholog in at least two other strains with sufficient similarity. Among these, 16 genes were eliminated because of suspected alignment errors, frameshift mutations, or because of ambiguous assignment of orthology. The tests for positive selection used here are not robust to the effect of intragenic recombination among strains. A statistical test for recombination revealed 236 genes with some evidence for recombination among the strains, which were subsequently eliminated from the analysis (see Supplemental material for genes that show evidence of recombination events).
For all remaining genes (n = 3505), a test for positive selection was applied (see Methods for details). Genes were assigned to functional categories according to the EcoCyc database, and the total evidence for positive selection in a category was determined using Fisher's combined P-value (Fisher 1948) .
Eight gene categories showed evidence of positive selection (Table 1) after correcting for multiple tests (disregarding categories containing less than five genes). A total of 23 genes were identified to be under positive selection ( Table 2) . As in previous studies of eukaryotes (Clark et al. 2003; Nielsen et al. 2005) , we find that the proteins that typically undergo positive selection are exposed on the cell surface. Many of them (belonging to categories BC-4.1.B beta barrel porins, BC-7.4 outer membrane, BC-1.6.11 glycoprotein, and BC-8.4 colicin related), are directly involved in interactions with the host, phages, or other bacteria, and our results may suggest they are involved in co-evolutionary arms races.
However, a number of genes, or categories of genes, show evidence for positive selection without any obvious connection to host-pathogen interactions or interactions with other microorganisms. For example, a number of genes involved in horizontal DNA transfer (in BC-8 and subcategories), including the IS30 transposases (b1404 and b4282), show evidence of positive selection. Interestingly, we also identify several proteins in categories BC-1.6.3.2 core region and BC-1.5.3.11 menaquinone, ubiquinone, of which four (RfaC, WecD, PqqL, and UbiF) have enzymatic functions, and one (PurR) is a transcriptional repressor (see below). This finding may indicate that a substantive amount of positive selection may be related to other adaptive processes than immune/defense evasion and interactions with phages and other microorganisms, possibly metabolic adaptations in response to a changing environment.
We may have missed evidence for positive selection among the 236 genes excluded due to evidence for recombination. Genes with high recombination rates may possibly also be the genes that are more likely to experience positive selection. It is quite possible that recombination is an important contributor to genomic evolution in bacteria (e.g., Guttman and Dykhuizen 1994) , and an investigation of the impact of recombination based on the complete E. coli genomes is clearly very interesting, but beyond the scope of the present study.
Our results differ from the results by Chen et al. (2006) in several important ways, primarily because Chen et al. (2006) focused on selection specific to the uropathogenic strain, and disregarded selection that was (simultaneously) acting in the other strains. In contrast, the methods used here identify selection that acts in one or more of the six strains used.
Only four genes were identified in both studies (ompF, ompC, fhuA, and yegO/mdtC) . MdtC is involved in antibiotic resistance (Nagakubo et al. 2002) , whereas the others code for beta barrel porins that are known to have multiple functions in uptake of colicins and other antibiotic compounds and phages, as well as interactions with the host (see below). It is likely that selection, even though it may be specific to the uropathogenic strains, is not exclusively attributable to host-pathogen interactions, as those strains propagate in the mammalian intestinal tract as well as other reservoirs in close contact with phages and other microorganisms. Furthermore, proteins that are under positive selection due to specific host-pathogen interactions may simultaneously be involved in interactions with other microorganisms/phages, and therefore be under positive selection in all strains.
Our approach resulted in the identification of 19 additional genes, including several that are believed to be important in human infection. In the following, we will discuss the results obtained for the major EcoCyc gene categories with significant evidence for positive selection as determined by Fisher's combined P-value.
Beta barrel porins
Beta barrel porins are pore proteins in the outer membrane of Gram-negative bacteria, mitochondria, and chloroplasts. Their structure has been thoroughly described elsewhere (Schirmer 1998; Endriss and Braun 2004) . They allow the passage of small, hydrophilic, or charged molecules (Nikaido 1994 (Nikaido , 1996 Schirmer 1998) ; however, porins are also important in interactions with the host immune system (Fourel et al. 1993; Moeck et al. 1995; Andersen et al. 1999; Massari et al. 2003; Secundino et al. 2006) and in pathogenesis (Nikaido 1996; Snyder et al. 2004 ). Further- www.genome.org more, they serve as receptors for phages (Charbit 2003; Endriss and Braun 2004; Housden et al. 2005) , antibiotics (Endriss and Braun 2004) , and colicins (James et al. 1996; Lazdunski et al. 1998; Riley and Gordon 1999) . Five of the 18 beta barrel porin loci (lamB, ompC, ompF, ompW, and fhuA) show significant evidence of positive selection. The protein structures for four of these porins have been experimentally determined (Fig. 1 ).
LamB's primary role is as a high-affinity receptor for maltose. However, in addition, it functions as the receptor for phage lambda. Several sites/regions located on different loops are known to be important for phage binding, including residues 382, 386, 387, and 389 on loop 9 (Clement et al. 1983; Charbit et al. 1988 Charbit et al. , 1994 Andersen et al. 1999) . Andersen et al. (1999) found that loop 9, but apparently not the other loops, is important for recognition by monoclonal antibodies. All four sites predicted to be under positive selection in our analysis are located in this very region on loop 9 (residues 383, 384, 385, and 386) (Fig.  1 ). This strongly suggests that the positive selection acting on the lamB gene is caused by selection to avoid phage binding and/or binding of defense-related molecules from the host immune/ defense system. OmpC and OmpF are some of the most abundant proteins in E. coli, representing up to 2% of the total protein of the cell (Nikaido 1996) . Expression studies show that the ompC and ompF genes are significantly up-regulated during urinary tract infections (Nikaido 1996; Snyder et al. 2004) . OmpC has been reported to play a key role in virulence of Salmonella (Negm and Pistole 1999) , and it also functions as the receptor for several phages. A major varied segment between residues176 and 226 has been reported to affect phage infectivity (Tommassen et al. 1985; Mizuno et al. 1987; Hikita et al. 1989; Yu et al. 2000) . We found evidence of positive selection in residues 163, 202, and 203, located on loops 4 and 5, suggesting that the positive selection acting on ompC is selection to avoid phage binding, but selection to enhance OmpC's function as a virulence factor may also be important. OmpF has putative antigenic epitopes located on several loops, including loop 5 (Klebba et al. 1990; Fourel et al. 1993; Williams et al. 2000) , and it also functions as a receptor and as a translocation channel for a group of colicins (Nikaido 1996) , and several residues on this loop are also involved in colicin import (Fourel et al. 1993; Jeanteur et al. 1994; de Zamaroczy and Buckingham 2002; Zakharov and Cramer 2004; Housden et al. 2005) . We found evidence for positive selection at residue 203 on loop 5. In summary, our results suggest that selection to avoid the host immune system, and possibly also to avoid colicin uptake, is acting on ompF.
FhuA, in addition to its role as ferrichrome receptor, functions as the receptor for several phages (T1, T5, ⌽80) as well as colicins, microcins, and antibiotics (Nikaido 1996; Endriss and Braun 2004) . It has been reported that loops 4, 5, and 8 are involved in phage specificity, and loops 3, 4, 7, 8, and 11 are involved in the sensitivity to colicins and antibiotics (Bos et al. 1998; Endriss and Braun 2004) . Furthermore, loops 4 and 5 are targets for monoclonal antibodies raised against FhuA (Moeck et al. 1995) . We found that multiple residues on loops 4, 5, 6, 7, and 8 are affected by positive selection ( Fig. 1 ; see Supplemental Table S.7). Our results strongly suggest that there is a massive selection pressure acting on fhuA to avoid recognition by the host immune system, phage binding, and/or bacteriocin binding.
In the four porins with known protein structure, the vast majority of sites predicted to be under positive selection are surface exposed (Fig. 1) . Furthermore, the locations coincide with sites experimentally determined to be important for interactions with phages and/or interactions with the host immune/defense system, and interactions with bacteriocins. Positive selection in these genes seems to be associated with selection to avoid recognition by a host immune system and/or binding of phages and colicins.
Outer membrane/glycoprotein
These two categories contain the beta barrel porins discussed above, together with a number of other loci, of which five (ompA, mdtC, eaeH, yddK, and ycgV) show evidence of positive selection.
OmpA is one of the most abundant proteins in the outer membrane of E. coli, and is believed to function in shape stabilization of the cell and as a diffusion channel. In contrast to the beta barrel porins, the conformation of OmpA changes between open and closed channel forms, resulting in a significantly reduced (∼50-fold) flux of solutes through OmpA (Sugawara and Nikaido 1994; Koebnik 1999) . OmpA is a prime target of the host immune system during infection, and is involved in invasion of epithelial cells in newborn meningitis (Prasadarao et al. 1996 (Prasadarao et al. , 1999 . It also functions as a phage and colicin receptor (Smajs et al. 1997; Power et al. 2006) , and several residues on loops 1-3 are involved in phage susceptibility (Smajs et al. 1997; Koebnik 1999; Power et al. 2006 ). The ompA gene shows strong evidence of positive selection in residues 25 (loop1), 67 and 68 (loop2), and 111 (loop3), and each one of them is exposed on the long loops (Fig. 2) , consistent with a role in adhesion/invasion, as well as receptor function.
MdtC is part of the multidrug resistance cluster mdtABCD, where mdtB/C are encoding a heteromultimeric transmembrane complex located in the inner membrane. MdtABC is involved in resistance against bile salts and antibiotics (Nagakubo et al. 2002) . Two sites show evidence of positive selection, and they are both surface exposed (data not shown).
Three additional proteins that are believed to be involved in host-pathogen interaction have been identified: (1) EaeH (putative adhesin/invasion, Uniprot Q8X6G3), (2) YddK (putative glycoprotein, likely to be involved in protein-protein interactions based on the presence of multiple leucine-rich repeats) (Kobe and Kajava 2001) , and (3) YcgV (adhesin homolog), presumed to be involved in biofilm formation (Roux et al. 2005) . Intracellular biofilm formation has been reported to be important in virulence of uropathogenic E. coli (Justice et al. 2004) .
In summary, we identified five genes that are all highly relevant in human disease. Our results indicate that positive selection, unsurprisingly, plays an important role in pathogenesis. Avoidance of host immune defenses is clearly an important force driving positive selection in E. coli.
Colicin related
Colicins are antibacterial compounds produced by E. coli strains and are active against closely related organisms (Pattus et al. 1990; Lazdunski et al. 1998; Housden et al. 2005) . Colicins are plasmid encoded (Braun et al. 2002; Riley and Wertz 2002a) , and are therefore not included in this study. Diverse mechanisms for colicin translocation across the membranes have been described elsewhere (Lazdunski et al. 1998; Journet et al. 2001; Braun et al. 2002; Cao and Klebba 2002; Zakharov and Cramer 2004) . There are obvious reasons why colicin-related genes may be under positive selection, as they are involved in bacterial-bacterial competitive interactions (James et al. 1996; Riley 1998; Riley and Wertz 2002b) .
In this category, we identified fhuA (discussed under "Beta barrel porins") and purR (discussed under "Menaquinone, ubiquinone"). We will not pursue analysis of this category any further here, because of the redundancy in the annotation, and because the EcoCyc annotation for this category apparently is incomplete. For instance, OmpF is known to function as a colicin receptor (described above under "Beta barrel porins") but is not included here.
Core region
The core region forms part of the bacterial lipopolysaccharide (LPS). The inner core region is highly conserved in E. coli, whereas the outer core is more variable, and five distinct outer core types are known (Raetz and Whitfield 2002) . The core region interacts with the host immune system, and has been used as a vaccine target (Dalwai and Chart 2003; Cross et al. 2004; Gibbs et al. 2004) . Furthermore, colicin U can bind to the outer core Positive selection in E. coli
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www.genome.org on September 9, 2007 www.genome.org Downloaded from (Smajs et al. 1997) . Interestingly, two genes that code for enzymes involved in core region formation/modification show evidence of positive selection, rfaC (heptosyl transferase) (Kadrmas and Raetz 1998) and wecD (dTDP-fucosamine acetyltransferase, UniProt P27832). This important finding indicates that positive selection targets all levels in cellular processes and not only structural proteins that are directly involved in interactions.
Menaquinone and ubiquinone
We identify three genes, pqqL (putative zinc peptidase), ubiF (2-octaprenyl-3-methyl-6-methoxy-1,4-benzoquinone hydroxylase), and purR (transcriptional repressor) (Rolfes and Zalkin 1988; Kawamukai 2002) . PurR shows strong evidence of positive selection with a large region being affected (Fig. 3 ). The precise function of the region identified here is, to our knowledge, not well understood, even though the domain structure of PurR has been described (Sinha et al. 2003) ; however, our results emphasize the importance of this region. Similar to the Core region category discussed above, we found evidence of positive selection in two enzymes. In this case, however, the end product is not a molecule directly involved in interaction with the host or other microorganisms. Selection seems in this case to be related to gene regulation, and is likely to play a role in adaptation to spatial environmental heterogeneity.
Extrachromosomal
Within the Extrachromosomal category, 11 of 128 genes showed significant evidence for positive selection. Two genes (yeeV and yeeU) constitute a toxin-antitoxin pair (Brown and Shaw 2003) , while one (purR) encodes a known transcriptional repressor (discussed above). However, the remaining genes fall into two general categories: phage related and transposon related. Briefly, we discuss each of these in turn (see Supplemental Table S1 ).
Transposon related
Three genes detected as being under positive selection are related to transposable elements, or insertion sequences, two copies of the IS30 transposase gene (tra8_2 and tra8_3), and the IS1 gene insA. Transposable elements are selfish genomic elements that can mobilize to new positions in the genome, often resulting in a growth in copy number.
The IS30 element is around 1221 bp in length with two imperfect inverted terminal repeats (IR) and codes for a 383 amino acid residue transposase. During transposition, IS30 appears to target two distinct motifs in bacterial genomes: (1) regions known as GOHS (genomic oligonucleotide hot-spot) and (2) sequence tracts that match the left and right inverted repeats. Nagy et al. (2004) showed that the deletion of a portion of the N-terminal region-the helix-turn-helix motif 1 (HTH1)-of the transposase gene results in a nearly complete elimination of intermolecular transposition to GOHS targets, but has no effect on transposition to IR sites. We found evidence of positive selection in 16 sites in the IS30 transposase gene, of which 14 occur in the HTH1 region, suggesting that selection on the sequences may be acting on the element's ability to target GOHS sites during transposition.
Insertion of transposable elements may have a negative fitness effect, driving selection in the host genome to control or eliminate insertion. However, selection will act on transposable elements to favor insertion (only transposable elements that keep inserting, albeit at a low rate, will survive in the long run). It is interesting to hypothesize that selection on these genes is the result of an ongoing arms race between the host and the genomic parasite, creating an evolutionary dynamic very similar to host/ pathogen interactions (for review, see Hartl et al. 1984; Ajioka and Hartl 1989) . Our results show that positive selection drives the evolution in the HTH1 region and suggests the presence of a dynamic co-evolutionary interaction where selection acts on the transposase HTH1 regions to facilitate insertion in the bacterial genome.
Phage related
The other genes in this category that showed significant levels of positive selection encode proteins that function as phage receptors or are important in the life cycle of phages: (1) lamB and fhuA (beta barrel porins, see above), (2) nmpC (outer membrane porin), located within the locus of a qsr prophage that confers sensitivity to some colicins and phages (Pugsley and Schnaitman 1978; Hindahl et al. 1984; Highton et al. 1985) , and (3) nohA (DNA packaging protein from the prophage qin).
The beta barrel porins both serve multiple purposes, and selection to avoid phage uptake may or may not be a significant cause for the positive selection that we observe. The other two genes discussed here appear to be primarily phage related, and in summary, the results suggest an important role for positive selection in phage interactions.
Other proteins
A number of rhs genes (Hill et al. 1994) show remarkably strong evidence for positive selection. The Rhs proteins have no known function, but properties predicted from their primary sequence suggest that they may be cell surface, ligand-binding proteins (Hill et al. 1994 ). They are not expressed under routine conditions in the laboratory; however, Hill et al. (1995) suggest that they respond to environmental signals and play a role in the success of the cell in natural settings. Hill et al. (1995) hypothesized that Rhs function relates in a key way to the periodic selection event(s) that influence E. coli population structure. However, as their function is still largely unknown, the exact causes for positive selection are hard to determine in this group of genes. The fact that rhs genes is the group of genes showing the very strongest evidence for positive selection in the E. coli genomes, suggests that these genes should be awarded more attention. They may possibly be involved in adaptations associated with changes in the environment, e.g., host shifts. 
Conclusion
As expected, genes encoding cell surface proteins are the primary targets of positive selection because of their role in interactions with the host immune/defense system, phages, and bacteriocins. In genes with known structure and extensive functional annotation we find an extremely high correspondence between residues under positive selection and residues known to be involved in these types of interactions. These results validate the use of the statistical methodology and suggest that our results, and results of similar future studies, may identify which genes and which protein residues are associated with interactions among genes with less extensive functional and structural annotation.
Surprisingly, we also found many transposon and phagerelated genes under positive selection. We hypothesize that these genes are involved in genomic conflicts that are driving positive selection. Another group of genes that show surprisingly strong evidence for positive selection are the rhs genes. These genes are likely to play a very important, yet unknown, role in the bacterium's interaction with the environment, possibly in interactions with the host immune/defense system.
Methods

Construction of files with aligned orthologous DNA sequences
All protein-coding gene sequences in E. coli K12 were blasted (E-value cut-off 10 ‫4מ‬ ) against the five E. coli and S. flexneri genomes (see details in Table 3) .
If the higher scoring match for a given K12 gene in each of the five genomes corresponded to an annotated gene (an ortholog), the protein sequence was retrieved. Orthologous protein sequences were aligned with ClustalW, and subsequently, protein sequences were replaced by the corresponding DNA sequences, preserving the gaps obtained during protein alignment. The resulting DNA multiple alignments were scored using ClustalW, and sequences exhibiting <80% similarity with K12 were removed from the alignments. Also, sequences that had 1-, 2-, or 4-bp indels causing frameshifts were removed. In alignments with start-or stop-codon differences, the sequence overhangs were removed before analysis. Alignments containing the K12 gene and two or more orthologs satisfying the above criteria were analyzed as described below.
In genes where positive selection was identified we did reciprocal blast searches, and in a few cases where the original query sequence was not identified as 'best hit' (probably due to the presence of low-complexity regions that are disregarded in blast scoring), we compared the query and the original blast hits (in the five other genomes) using multiple alignments and literature/database searches to confirm orthology.
It should be noted that while we have taken efforts to avoid comparing paralogous genes, we cannot exclude that in a few cases we have made such comparisons. This will not affect our conclusions, as the bioinformatical methods used to detect positive selection are equally applicable to paralogous and orthologous genes. However, it is likely that our results regarding transposases may reflect the comparison of different paralogous copies.
Grouping of genes
Genes were grouped according to the classification used in the EcoCyc database (Keseler et al. 2005) .
To counteract erroneous conclusions due to incomplete categories, we disregard categories containing less than five genes.
Tests for positive selection
To test for positive selection, we used the method of Nielsen and Yang (1998) , as implemented in PAML (Yang 1997 (Wong et al. 2004) to be conservative under a wide range of simulation conditions. However, it was also shown to be less powerful than an alternative test, based on comparing models denoted by M7 and M8 (Yang and Nielsen 2000) . The original test was used here because the use of models M7 and M8 may in some cases involve very difficult optimization problems. For single data sets, this problem can usually be easily dealt with, but it is harder to automate methods for checking stability and accuracy of the optimization in genomic scans of thousands of genes. However, all analyses were repeated using the M7 versus M8 test and highly similar results were obtained (see Supplemental material). The optimization algorithm was run three times for each gene with different initial conditions to ensure that the global maximum had been found. To identify functional groups with excess positive selection, we calculate a combined P-value for each functional group using Fisher's combined score (Fisher 1948) .
Test for recombination
Recombination can inflate the rate of false positives in studies aimed at detecting positive selection based on d N /d S ratios, because the common methods used for detecting positive selection assume that all sites share the same underlying phylogeny (Anisimova et al. 2003; Shriner et al. 2003) . Therefore, we eliminated any genes in the analysis that showed evidence for recombination among strains, using a statistical test implemented in HyPhy (Pond et al. 2005) . In brief, the method compares a likelihood model assuming a single recombination breakpoint with two different topologies on each side of the breakpoint, with a model that assumes no recombination. If the model with recombination is supported by the Akaike Information Criterion (Burnham and Anderson 2002) , a likelihood ratio test based on the parametric bootstrapping (e.g., Goldman 1993) is used to determine whether the model with no recombination can be rejected in favor of a model with recombination.
Mapping of PS sites to three-dimensional structures of proteins
In each alignment the sequence with the fewest gaps around the identified PS-sites were selected. The sequence was blasted Positive selection in E. coli
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www.genome.org against the PDB structure database, and the hit with the longest matching region was retrieved from the database. The PS-sites was mapped onto the structure using the BLAST alignment, and a .pml PyMOL script file was generated for visualization.
